ABSTRAC1
Photoinhibition was studied in osmotically broken chloroplasts isolated from spinach leaves (Spinacia oleracea L.). Both whole chain electron transport (measured as ferricyanide-dependent 02 evolution in the presence of NH4CI) and photosystem II activity (measured as 02 evolution in the presence of either silicomolybdate plus 3-(3,4-diphenyl)-1,1 dimethylurea or parabenzoquinone) showed similar decreases in activity in response to a photoinhibitory treatment (8 minutes of high light given in the absence of an electron acceptor other than 02). Photosystem I activity was less affected. Photoinhibition of silicomolybdate reduction was largely reversible by an 8 minute dark incubation following the light treatment. Decreasing the 02 concentration during photoinhibition below 2% increased photoinhibition of whole chain electron transport. Addition of superoxide dismutase to the reaction medium did not affect photoinhibition. Photoinhibition of both photosystem I and photosystem II activity increased as the rate of electron transfer during the treatment increased, and was largely prevented when 3-(3,4-diphenyl)-1,1-dimethylurea was present during the photoinhibition period. Noncyclic photophosphorylation was decreased as a consequence of whole chain electron transfer photoinhibition. Since diphenyl carbazide added after light treatment did not relieve photoinhibition of dichlorophenol indophenol reduction, we conclude that the site of inhibition is located within or near the photosystem II reaction center. might be intrinsically susceptible to light-induced damage as a consequence of its function involving a reactive semiquinone anion species. Photoinhibition would then be a consequence of the operation of whole chain electron transport.
Although it has been demonstrated in whole leaves (4, 14, 15 ) and in isolated intact chloroplasts (10) that maintenance of sufficient carbon metabolism is essential to prevent photoinhibition, it is not known if there is a relationship between the rate of whole chain electron transport during high-light treatment and the extent of the resulting photoinhibition. Osmotically broken chloroplasts provide a simple system in which it is easy to induce photoinhibition (8, 9, 17, 18) . This system has been used to examine the site of the light-induced damage and the mechanism of photoinhibition (17, 18) . It is also possible to modulate the rate of electron transport during photoinhibitory treatment in such a system. In this paper, we have used osmotically broken chloroplasts to test whether the extent of photoinhibition is related to the rates ofelectron transfer during a high light treatment. We have also characterized inhibition in relation to the site of high light action, its 02 sensitivity, and its reversibility.
MATERIALS AND METHODS
Photosynthetic organisms (or organelles), when subjected to high light, exhibit decreased photosynthetic capacities. This photoinhibition is generally ascribed to excess light energy which cannot be eliminated by operation of the electron transfer chain or by other means ofdissipating light energy (13) . Damage caused by high light treatment appears to be located mainly within the PSI1 reaction center (16 Preillumination of broken chloroplasts inhibited noncyclic electron transport to NADP in the presence of Fd and ADP to the same extent as it inhibited photophosphorylation; the ATP/ 2e-ratio remained constant (Table II) .
Addition of superoxide dismutase during the preincubation period had no effect on the subsequent rate of Fecy reduction, even when photoinhibition was increased by various additions during photoinhibition treatment (data not shown). Moreover, the photoinhibition of Fecy-dependent 02 evolution, measured in a medium containing 5% 02, was increased when the 02 concentration during preincubation was lowered below 2% ( Fig.   1 ). Figure 2 illustrates the effect of the dark period duration following the photoinhibitory treatment on the subsequent photoinhibition of SiMo-dependent 02 evolution in the presence of DCMU. The actual rates of02 evolution measured after the dark period following preincubation period in the light or in the dark (control treatment) are also shown. The photoinhibition induced by 8-min high light treatment was largely reversed by 8 The rates of NADP-dependent 02 evolution at the beginning and at the end of the treatment are shown. The rate of 02 uptake was measured only at the beginning of the preincubation period, on separate chloroplast samples (because the photoinhibitory treatment was always performed in the presence of catalase). The highest photoinhibition occurred when the initial rate of 02 evolution was the highest. Figure 3 shows a time course of photoinhibition both with NH4Cl and with NH4Cl, Fd, and NADP in the reaction medium during the preincubation period. Photoinhibition was always higher in the presence of NH4Cl, Fd, and NADP during preincubation, increasing rapidly with the length of preillumination and reaching a plateau after 5 min.
The use of SiMo as the electron acceptor for PSII makes it possible to add DCMU during the preincubation period to suppress electron flow, and then to study the photoinhibition of PSII. It is also possible to study PSI photoinhibition under these same conditions because, for this assay, MV, Asc, and DCPIP are already used in the presence of DCMU. Tables IV and V show the results of experiments done in the presence or in the absence of 3 gM DCMU when various additions were made during preincubation to increase photoinhibition (see also Figure  5 are an underestimation of the actual rate of electron flow, and that, in this region, the shape of the true curve is somewhat different from Figure 4 . Nevertheless, photoinhibition evidently became constant when the initial rate of 02 evolution during treatment reached 60 umol mg-' Chl h-'. It should be noted that the CO2 fixation rate (measured at saturating level of light and of bicarbonate) of the intact chloroplasts which were used in this study was about 85 ztmol CO2 mg-' Chl h-', a rate close to the 60 ,mol 02 mg-' Chl h-' above. Figure 5 , A and B, shows that increasing PFD during photoinhibitory treatment increased the subsequent inhibition of PBQdependent 02 evolution measured at saturation. Treatments were given in the presence of either NH4Cl (Fig. 5A) and NADP (Fig. SB) . The rates of electron transfer during these treatments were estimated either as the initial rate Of 02 uptake (on separate chloroplast samples, Fig. 5A ) or as the initial rate of 02 evolution (Fig. SB) . Both the initial 02 uptake and 02 evolution during preincubation in the light increased with increasing PFD until a plateau was reached. Photoinhibition was always higher when the treatment was given in the presence of Fd, NADP, and NH4Cl (Fig. SB) In addition, it should be noted that the effect of higher electron flow during treatment is greater under high light than under low light.
DISCUSSION AND CONCLUSION
As already noted by several authors (8, 9, 17, 18) , preillumination of osmotically broken chloroplasts in the absence of electron acceptors other than 02 causes a decrease of whole chain electron transport capacity; PSII activity is more affected than PSI activity. In the experiments reported here, the photoinhibition treatment was performed in the presence of catalase to avoid the damage that might be caused by H202 produced by the Mehler reaction during preillumination (3) . In order to avoid extensive damage to the membranes, the PFD and the Chl concentration during the experiments were usually adjusted to obtain an inhibition of about 40% in a medium equilibrated with 21% 02. There was no photobleaching, since there was no change in either Chl concentration or the Chl a/Chl b ratio.
In contrast to other results (3), addition of superoxide dismutase during the treatment did not decrease inhibition (data not shown). Because photoinhibition increased when the 02 concentration during treatment was below 2% (Fig. 1) , as already noted by Trebst (21) , it is unlikely that the photoinhibition observed in our work involved damage caused by products Of 02 radicals. Light-inhibition of PSII activity was largely reversible in the dark (Fig. 2) As our data show, photoinhibitory damage was mainly localized at or near PSII reaction centers. The water-splitting reaction was not affected since the addition of DPC during assay only slightly reduced the inhibition of DCPIP reduction (TableI). PSI activity was only slightly affected by high light treatment, and it appears that the electron transport chain between plastoquinone and the site of NADP reduction was not affected; addition of ascorbate and DCPIP during the measurement after treatment almost completely restored the rate of NADP reduction (Table I) .
As already noted by Barenyi and Krause (3) and in contrast to the results of Forti and Jagendorf (5), photophosphorylation was decreased as a consequence of whole chain electron transport inhibition, since the P/2e-ratio of thylakoids was independent of whether or not they had been photoinhibited (Table II) . However, we were able to reproduce the results of Forti and Jagendorf when the photoinhibition treatment was done under higher PFD (data not shown).
PSII activity was not protected by increasing the rate of electron removal during the photoinhibitory treatment. On the contrary,PSII photoinhibition increased as the electron transport rate increased during high light treatment (Tables III and IV ; Fig. 4) . Accordingly, when DCMU was added during the photoinhibitory period, photoinhibition ofPSII activity was dramatically decreased. Similar results were obtained for PSI activity (Table V) . Satoh has also found that DCMU protected PSI activity against high light treatment, but in contrast to our results, he found that DCMU enhanced photoinhibition ofPSII. The reason for this difference is not known. However, whatever the reason, this effect of DCMU suggests that lipid peroxidation is not responsible for photoinhibition since it has been shown that addition of DCMU to thylakoid preparations during high light treatment increased lipid peroxidation in broken chloroplasts (20) . The reversibility of PSII inhibition shown in Figure 2 is also in agreement with this idea.
The results shown in Figure 1 
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observed by Satoh ( 18) could explain the 02 sensitivity of whole chain electron transport photoinhibition since PSII photoinhibition has been shown to be rather insensitive to 02 (16) .
The observations reported in this paper are not in agreement with the hypothesis that drainage of light energy by electron transport activity protects against photoinhibition (13) . Photoinhibitions of PSII and PSI activities induced by high light treatment of osmotically broken chloroplasts are positively related to operation of whole chain electron transport. However, the comparison between Figure 5B and Figure 4 suggests that there is also a direct effect of light on photoinhibition of PSII activity, independent of electron transfer rate. When the electron transfer rate was varied by varying electron acceptor concentrations, at constant PFD (3500 ,umol quanta m-2 s-'), photoinhibition of PSII reached a plateau when the initial rate of 02 evolution approximated 60 umol 02 mg:' Chl h-' (Fig. 4) 
